A new low-noise wide-band power amplifier system has been developed for stochastic beam cooling experiments. The system incorporates a low-noise preamplifier with a noise figure of 1.9 dB over a bandwidth range of 20 to 300 MHz, wide-band driver and buffer stages, a frequency characteristics shaping network, a remotely controlled wide-band attenuator with 0
Introduction
Stochastic beam cooling is the gradual reduction of betatron oscillations or longitudinal momentum spread of a coasting particle beam by a wide-band feedback 1-2 system . The system detects and corrects at every revolution the statistical fluctuations of the beam position or momentum. Consequently, the stochastic cooling and the electron cooling are important methods of increasing the phase space density of particle beams. One or both methods of beam cooling are essential in order to achieve high luminosity proton-antiproton col- 3 liding beam facilities A general layout of a wide-band feedback system for stochastic beam cooling is shown in Fig. 1 . For the reduction of the horizontal and vertical betatron oscillations, two identical systems are necessary. The system typically consists of a wide-band pickup electrode, able to detect horizontal or vertical statistical displacements of short sample of a coasting beam, a low-noise wide-band power amplifier and kicker electrode which applies a correcting signal to the same sample. The time delay of the correcting signal is adjusted so that each beam sample acts on itself. This process is repeated continuously as the beam passes the pickup electrode. For the reduction of the longitudinal momentum spread, the system consists of a radial difference pickup electrode which observes the error in radial position of the barycentre of a short sample with respect to nominal radial position, a low-noise wide-band power amplifier and a wide-band accelerating/ decelerating gap. The error generated by the pickup electrode is interpreted as a momentum error, and a fraction of it is corrected by amplifying the signal and applying it to the gap at the instant when the same 4 sample passes4. In an alternate system for the momentum cooling5-6 the pickup electrode signal after preamplification passes through a filter which changes its phase polarity characteristics at each harmonic of nominal revolution frequency that corresponds to a nominal momentum. The amplified filtered signal is applied to a series of wide-band accelerating/decelerating gaps. Beam particles are accelerated or decelerated depending upon their momentum with respect to the nominal momentum. This method is particularly suitable for fast cooling at low beam intensities, because the signal-tonoise ratio remains high and it is independent upon beam radial position. The filter mentioned above is inserted in the wide-band power amplifier system. It follows the low-noise preamplifiers and attenuates much of the preamplifier noise.
Theoretical considerations and experimental results of the stochastic cooling have shown7-9 that the effective cooling rate is limited by the feedback system bandwidth, the noise figure, the beam Schottky noise, the system gain, the power level available to the kicker electrode, the particle mixing process, imperfect filters and undesirable system phase shift errors.
The stochastic cooling program at the Lawrence Berkeley Laboratory10 has created a need for the development of a low-noise wide-band amplifier system being capable of operating at output power levels higher than 70 W across a frequency bandwidth as wide as possible. Since the pickup electrode signal power levels from the particle beam are of the order of magnitude of 0.5 x 10 W, the amplifier system should have a gain in excess of 140 dB and a noise figure as low as possible. Furthermore, the system should have an accurately controlable signal propagation time delay. Also, the propagation time delay change as a function of the system gain settings, and harmonic intermodulation distortions should be minimized. Based on our previous considerations 1, a new system has been designed to meet the above given requirements for fast cooling of betatron oscillations and longitudinal momentum spread.
The present system characteristics are limited by capabilities of available individual state-of-the-art components. This amplifier system will be used as a part of the beam cooling facility at the Fermi National Accelerator Laboratory.
Description of the Low-Noise Wide-Band Amplifier System A block diagram of the low-noise wide-band amplifier system is shown in Fig. 2 (1) to connect the pickup electrode to the input of the low-noise preamplifier, (2) to provide an input port to the preamplifier for system checking and calibration and (3) to disconnect the preamplifier input from the pickup electrode. The coaxial switch can be locally and remotely controlled. After the pickup electrode signal has been amplified by 64 dB, it is applied to the frequency characteristic shaping network, or a 20 dB attenuator, via one port of the in-phase power divider. The amplified pickup electrode signal is available directly from the other port of the in-phase power divider for monitoring and diagnostic purposes. The frequency characteristic shaping network is used to make necessary correction to the pickup and kicker electrodes frequency reponses. The average attenuation of the shaping network is approximately 17 dB. Whenever the shaping network is not in use, a 20 dB wide-band attenuator is inserted between the in-phase power divider and the wideband buffer amplifier. The buffer amplifier provides a gain of 32 dB. Consequently, the total net gain from the input of the low-noise preamplifier and the output of the buffer amplifier is in the order of 70 dB. As cooling, the signal propagation time from the pickup to kicker electrode should be equal to the particle's traveling time, the signal from the step attenuator is applied to an adjustable delay line before it is applied to the driver amplifier to obtain the required fine delay adjustment. The line section cQnsists of two 1.6 ns fixed delay adjustments and one + 0.8 ns variable delay line adjustments. The variable delay line resolution is better than 0.05 ns. The output signal from the adjustable delay line is amplified 34 dB by a solid state driver amplifier having a bandwidth of 0.002-400 MHz. The minimum signal propagation time through the driver amplifier section is 18 ns + 0.2 ns. The output signal from the driver amplifier is applied to the out-of-phase power divider. To prevent any unintentional high input signals at the input of the amplifier system causing damage to the input stages of the output power amplifiers, an overloading circuit has been built into the driver amplifier stage. As the output of the driver amplifier stage approaches a level of IV (the maximum input signal level for the output power amplifiers), this circuit will activate and interrupt the signal path at the input of the driver amplifier. This circuit must be reset manually to restore normal operation. The same circuit is used to manually interrupt the signal path for checking purposes.
The kicker electrode design of the present feedback system for the stochastic cooling employs a push-pull configuration having a 0 degree and a 180 degree input. Since each output power amplifier is capable of delivering 35 W of linear power, the push-pull configuration provides a total of 70 W. The 3 dB amplitude bandwidth of these amplifiers is 150 KHz-310 MHz with a 45 degree phase lag at 250 MHz. The signal propagation time through the output power amplifiers is 32.2 ns ± 0.2 ns.
The output of these two amplifiers can be disconnected from the kicker electrode by a radio frequency electromechanical coaxial switch for diagnostic and tune-up purposes. An automatic protection circuit has been incorporated at the output of these amplifiers so that when the reflected power approaches 5 W, the output of the amplifiers would be connected automatically to two internal wide-band radio frequency loads. Resetting is automatically done in approximately 10 seconds, reapplying the output to the external loads. If the mismatch persists the output power amplifiers will operate in this mode indefinitely until the mismatch is removed.
At the present stage of development of the amplifier system, all amplifiers in the system are of solidstate design. The signal propagation time of the entire amplifier system excluding any interconnecting cable is 55.5 ns which is very close to the maximum allowable limit for a system for the reduction of betatron oscillations. Significant improvements can be achieved when an output power amplifier with better phase and amplitude bandwidth becomes available. A possible candidate is an Electron-Bombarded-Semiconductor, EBS, amplifi-12 er . Under investigation is one such amplifier with a 30-400 MHz bandwidth capable of providing 100 W. Its phase-shift characteristics are expected to be better than ± 10 degrees over the entire bandwidth. Furthermore, the signal propagation time delay will only be about half of the present power amplifier.
The gain, however, of such an amplifier is typically 17-18 dB making it necessary to provide more driving power at the amplifier input. The higher power, wider bandwidth and shorter propagation time would undoubtedly make the amplifier system more efficient, providing a higher cooling rate of the beam cooling process. The associate support system for such an amplifier is, however, more complex than that for the solid state amplifiers. Also, an isolator is necessary between the output of the EBS device and the kicker electrode if there is a significant variation of the kicker electrode impedance through the frequency band.
The overall configuration of a deflection modulated EBS is shown in Fi-g 3. The electron gun produces a broad, narrow sheet beam of electrons of energy 12-15 KeV, which is focused onto the semiconductor target. The radio frequency input signal is applied to a pair of traveling-wave deflection structures which act to deflect the electron beam proportional to the amplitude of the input signal. The diodes are reverse biased below their avalanche threshold. The diodes are interconnected in a class AB circuit with diodes on either side of the electron beam being excited during one half of radio frequency period. With no input signal applied, the electron beam with sharply defined planar beam edge is intercepted between the two sets of diodes. With the input signal applied, the fraction of the beam current is intercepted by the semiconductor diode. The electrons penetrate through the diode junction generating an amplified current in the high field region by impact ionization. For typical devices, the current multiplication i:n semiconductor target is 3000:1. Since the output current is directly proportional to the current of the electron beam, the EBS device operates like a highly linear amplifier. An electrical matching network is provided to transform the semiconductor target impedance to a 50 Ohm output level. Because of the very short signal propagation time delay of the EBS power amplifier, the device is particularly suitable for stochastic cooling amplifier systems. Furthermore, with future improvements in areas of semiconductor diode cooling and output matching structure, the device frequency bandwidth and output power level will be significantly increased.
Dynamic Range and Intermodulation Products Measurement
Voltage Standing-Wave Ratio Measurement
The input Voltage Standing-Wave Radio, VSWR, was measured at the input of the amplifier system which included the radio frequency coaxial switch at the input. The output VSWR was also measured with the output coaxial switch and line section in the circuit. A transmission/reflection test set up was used for this measurement as shown in Fig. 11 .
A signal generator was used to generate the signal frequency of interest. A power splitter was used to divide the signal into two equal parts. One part was used as the input reference. The other part was used as a test signal.
The dynamic range measurement of the entire amplifier system shows the performance characteristics such as the linearity, gain, harmonic interference, and the intermodulation performance which can be expected from the amplifier at certain specified frequencies. Figure 4 shows a block diagram of the measuring system. The two signal generators were used only for intermodulation measurements. Three sample frequencies were used in the measurement; 5 MHz, 50 MHz and 120MHz.
Results at all three frequencies shows that the amplifier system has its 1 dB compression point at an output power close to 48 dBm (t60 W) and at 45.5 dBm (-35 W) which is the specified linear output power level, the second harmonic interference is 20 dB below the fundamental component. Figs. 5 and 6 show the typical results of the measurement with operating frequencies of 50 MHz and 120 MHz, respectively. Figure  7 is the output spectrum displayed on a spectrum analyzer. The marker was set at the peak of the second harmonic, and the fundamental power output was 45.5 dBm (35 W).
The amplifier system frequency response was also measured using usual measuring technique. The system normalized gain for 0°and 180°outputs as a function of frequency is given in Fig. 8 . It can be seen from the figure that the 3 dB bandwidth is 1.5 MHz-310 MHz.
Phase-Shift Characteristic Measurement
The phase-shift characteristics of the amplifier system are important for proper operation of the wideband feedback cooling system both from the stand point of overall system stability and to allow an estimate of the phase-shift error between the pickup and kicker electrode signals. Too great a phase-shift error causes the heating of the particle beam. The phaseshift characteristic was measured using the measuring system shown in Fig. 9 Fig. 10 . The measurement was made for both the O' and 180°ampli-fier channels. From Fig. 10 the phase variation is seen to be ± 22.50 over a bandwidth of 10-220 MHz.
The signal path from point R to point A was equal to that from point S through the test port and to point B. A directional coupler was used to isolate the incident signal and to separate out the observed reflected signal from the test port. The reflection coefficient was found from the indicent and reflected signal, and a Smith Chart was used to determine the VSWR. The input VSWR was measured across the 1. The result of the measurements are given in Fig. 12 .
The maximum VSWR of the input is 1.58 at 1.2 MHz and 375 MHz while the maximum output VSWR of 1.9 and 1.97 occur at 300 MHz for the 1800 and 00 channel, respectively.
Pulse Response Measurement
The particle beam cooling process can be analyzed and modeled either in the time domain or in the frequency domain. For the time domain analysis, it is important to know the pulse response of the amplifier system. The system pulse response was measured using a 1 ns, FWHM, input pulse. The input pulse amplitude was adjusted so that the amplifier output pulse had a peak power of approximately 18 W. As is shown in Fig.   13 it is always possible to select a value of the system gain where the coherent effect is predominant and beam cooling is achieved. For low intensity particle beams such as in the FNAL cooling ring facility, with 107 particles (, lipA), the heating effect will be dominated by the amplifier system noise rather than beam noise. Also, during the cooling process the ratio of the amplifier system noise power to the signal noise power increases continuously and the instantaneous cooling rate is reduced accordingly. Consequently, the cooling system could have considerably larger cooling rate dynamic range if an amplifier system with a lower noise figure is used.
The function of the low-noise, high-gain, wideband power amplifier system is to amplify pickup electrode signals and to filter them in a manner that will provide the maximum discrimination between the desired signal and undesired noise and interference. The noise and interference comprises not only that generated in the low-noise preamplifier, but also spurious signals generated from fundamental and non-fundamental sources in the pickup electrode and its terminating resistor.
The usual noise that exists in a low-noise power amplifier is partly of thermal origin and partly due to other noise generating processes. Generally, the noise of a low-noise power amplifier i characterized either by the effective input noise temperature Tes 
The low-noise power amplifier system under consideration consists of a very low-noise preamplifier, driver and buffer stages, various electronic components and circuits, and an output high power stage. The amplifier system performance with respect to the system operating noise temperature Top and the dynamic range is primarily determined by its front end characteristics.
The most meaningful measure of overall amplifier sensitivity where the amplifier is to be used in a pickup electrode-amplifier system is the system operating noise temperature Top defined (under actual operating conditions) by the equation:
where Ta is the noise temperature of the pickup electrode, representing the available noise power at the pickup electrode terminals, and T* is the effective e 13 input noise temperature of the amplifier system Each component in the amplifier front end cascade has its own effective input noise temperature Te, representing its available output noise power referred to its own input terminals, assuming a noise free input terminal of the same impedance as the actual input termination. For an N-component cascade, the system operating noise temperature is given by the expression:
where G. is the available gain of the system between its input terminals and the input terminals of the ith component. (By this definition, G1 = 1).
The formula given above can be applied to the pickup electrode-low-noise power amplifier-kicker electrode system representing the typical arrangement for stochastic cooling in a colliding beam facility. A block diagram of the cascade system used as a basis of system-noise-temperature calculations is shown in Fig.  16 . The first component is the pickup electrode followed by the transmission line that connects the pickup electrode to the electromechanical radio frequency coaxial switch input terminals. Coaxial switch, having temperature Tsw and insertion loss factor for L Sw, is followed by the transmission line which connects the switch to the low-noise preamplifier input terminals. For this system, if the first transmission-line noise temperature is represented by Tra and its loss factor is Lra(=l/Gra), the coaxial switch noise temperature is TSw and its loss factor Lwi the second transmission line noise temperature is Trb and its loss factor Lrb (=1 /Grb), and if the amplifier system effective input noise temperature is Te at preamplifier input terminals, Equation (3) becomes:
Top Ta Tra LraTw LraLwTrb LraLwLrbTe (4) The transmission line loss factor Lr' is defined as a ratio of the signal power available at its input to that available at its output. trode-amplifier system cannot be significantly improved since the pickup electrode would introduce thermal noise into the amplifier system. The pickup electrode noise temperature would dominate the total noise temperature of the system. However, our investigation has shown11, that in the present system Ta <<T*, and that future effort should be directed toward reducing the effective input noise temperature of the low-noise preamplifier stage. Consequently, in the pickupelectrodeamplifier system the optimum tradeoff between the sensitivity, complexity, reliability, and cost occurs when the level of the amplifier front end effective noise temperature T* is comparable to the pickup electrode noise temperature Ta, i.e. Te -T.
The noise figure of the amplifier system was measured as a function of frequency using conventional measuring technique. The results of the measurement are given in Fig. 17 . The accuracy of the measurement was ± 0.15 dB after all necessary corrections were taken into account. The measuring results include the losses of the electromechanical coaxial switch, and the switch input and output transmission lines.
Conclusions
Design and performance characteristics of a lownoise wide-band high-gain amplifier system for a stochastic particle beam cooling facility have been presented and discussed. Particular attention was paid to minimize the signal propagation time delay of the system, the propagation time delay change as a function of the system gain, and harmonic and intermodulation distortions. The system was designed in a modular form and can be easily modified by increasing the bandwidth and power of the output power amplifiers. Future improvements will include further reduction of the amplifier system noise figure, operating the preamplifier, and other front end components at cryogenic temperatures In a final configuration at the FNAL beam cooling facility, two identical amplifier systems will be used for fast cooling of betatron oscillations, and one system with notch filter for cooling of the longitudinal momentum spread. OUTPUT 
